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Abstract A novel approach to the intensity of archaeological
fires is proposed, based on a combination of archaeological
observations and analyses of sedimentary hearths with rele-
vant proxies obtained from using experimental combustion
structures. In this work, two different structures were built
and monitored. They aimed at reproducing two types of ar-
chaeological hearth morphology encountered at the Bronze
Age site of the cave of Les Fraux (Saint Martin de
Fressengeas, Dordogne, France). A series of fires was con-
structed and a large amount of data was collected: temperature
curves, wood consumption and observations on substratum
evolution. A numerical code for heat transfer was developed
to model heat propagation from the surface to the underlying
sedimentary layers, the input parameters of which were
adapted to fit the thermal evolution observed with the
experimental fires. We found that two archaeological

parameters are fundamental to characterise the intensity of
the fire: the paleotemperature reached at the surface of the
burnt sediment (which in our case was determined by thermo-
luminescence analyses) and the depth of the rubefaction front
as an indicator of a 250 °C isothermal surface. We then esti-
mated the duration of an equivalent single fire that would
correspond to one of the archaeological hearths investigated.
Finally, with the wood consumption recorded during the fire
experiments, and the estimated firing duration, the energy in-
volved was evaluated. When generalised to the study of ar-
chaeological hearths, this approach could be of great interest
in firing intensity evaluation (temperature/time/energy).

Keywords Hearth . Experimental fire . Firing intensity .

Paleotemperature . Energy . Heat propagation . Numerical
modelling

Introduction

The karstic network of the cave of Les Fraux (Saint-Martin-
de-Fressengeas, Dordogne, France) was the starting point of
our study. It was occupied during the Bronze Age (Carozza
et al. 2009; Burens et al. 2014). The archaeological question
about the function of the site and the mode of occupation of
this cave was then addressed soon after its discovery. Indeed,
this cave exhibits domestic remains such as occupation sur-
faces, combustion structures and ceramics, and rock art, ce-
ramic and metal objects associated with ritual activity.
Considering the remarkably high number and density of ar-
chaeological fires found in this karstic network, more than 60
(Fig. 1), and their importance in human occupations and ac-
tivities, a specific study of the corresponding combustion
structures was undertaken.
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The main objective of our present study is to determine
how it is possible to characterise the intensity of fires by
studying their thermal impacts on their environment, and par-
ticularly on the sedimentary ground. Our results would con-
stitute supplementary data about the archaeological fires to
understand their roles, their operation, and their impact on
an underground environment.

The usual approaches to the study of combustion structures
are generally based on typological descriptions (Julien 1972;
Leroi-Gourhan and Brezillon 1972; Leroi-Gourhan 1973;
Beeching and Gascó 1989; Gascó 2003), analysis of fuel res-
idues (Théry-Parisot 2002; Théry-Parisot and Texier 2006;

Conedera et al. 2009; Théry-Parisot and Henry 2012), micro-
morphological observations (Courty 1983, 1984; Wattez
1988, 1992; Goldberg and Berna 2010; Mentzer 2014) and
archaeomagnetism measurements (Bellomo 1993; Carrancho
and Villalaín 2011; Brodard et al. 2012).

As observations alone do not generally allow us to estimate
firing intensity quantitatively, we aimed at developing a com-
plementary approach. We started our methodological work
from the results of a previous study of the heating state of
superficial parts of combustion structure sedimentary sub-
strates (Brodard et al. 2012; Brodard 2013). In these studies,
we showed that thermoluminescence measurements provide

Fig. 1 Map of the cave of Les
Fraux showing location of all the
combustion structures identified
and probable ones, and areas with
charcoals
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paleothermometric data by estimating an equivalent
paleotemperature attained for each sample of fired sediment,
in comparison with thermal references. Nevertheless, the in-
tensity of a fire cannot be defined only by the temperature
attained by the supporting sediment. We also need an estima-
tion of the fire duration and the quantity of energy released
and injected into the sedimentary substratum. Building refer-
ence data is therefore a necessary step, and that was the reason
why we undertook the building of a series of experimental
fires.

In the final step, these experimental fires were numerically
modelled into an idealised sedimentary structure using heat
transfer calculations. By using modelling, we want to under-
stand the modes of heat transfer in a substratum and isolate the
most significant parameters in order to quantify thermal im-
pacts on the substratum according to the amount of heat
injected (i.e. quantity of wood consumed).

Despite the fact that only two different types of archaeo-
logical combustion structures were studied and then two ex-
perimental structures were built with a limited number of fires
(3 in experiment #1, 4 in experiment #2), our present objective
is to propose a new methodology to estimate the intensity of a
fire that can be characterised by the temperature attained at the
surface of a combustion structure, the fire duration and the
energy involved.

From the description of archaeological fires
to the construction of experimental combustion
features

Archaeological combustion structures

The cave of Les Fraux was occupied during the Middle and
Late Bronze Age only, through a period of time of about 2.5
centuries. There is no stratigraphy in the cave and this is prob-
ably the result of numerous occupations of short durations.
The cave entrance collapsed during the Late Bronze 2, closing
its access fossilising all the anthropogenic remains (combus-
tion features, archaeological ground…). So no sedimentation
covers the ancient fires or the other archaeological remains. In
particular, the 62 fire areas identified, with a diameter always
smaller than 50 cm, are not covered or eroded and they are
particularly well preserved thanks to the closure of the sole
entrance to the cave.

We were particularly interested in investigating two archae-
ological fires (named F4 and F6) because they represent two
main poles of distinct fire morphologies: One was designed
with a shaped hearth and the second was set directly on the
archaeological soil. They were also built on two different sub-
strata, sandstone and clay, and presented different heat fea-
tures at the surface of the sediment. In fact, a thermolumines-
cence approach had already been undertaken to determine the

paleotemperature attained by the superficial sediment
(Brodard 2013).

An important constraint to our work was that the cave of
Les Fraux should be studied with the aim of maximal preser-
vation of the remains, including the combustion structures.We
are aware that two archaeological hearths represent only a
small proportion of the fires observed in the cave of Les
Fraux, but our aim is to develop and present a newmethodology
on two representative types of combustion features.

Fire F4 (Fig. 2) is an exceptional structure which consists
of a shaped clayey hearth (38 cm in diameter) located at the
centre of an area with reddened altered sandstones and char-
coals. On the surface of the shaped hearth, few cracks are
visible. The substratum is made up of indurated sand on yel-
low blocks of sandstones which had collapsed from the walls
and the ceiling of the cave.

Fire F6 (Fig. 3) is totally different both in typology and in
the nature of the substratum. It is a simple open combustion
structure (30 cm in diameter) of reddened clay in a yellow
clayey sediment area. In this clayey substratum, there are only
occasional small sandstone blocks.

We recall that the thermoluminescence (TL) study cited
above (Brodard et al. 2012; Brodard 2013), which is based
on the comparison of intensity and shape of TL signals be-
tween archaeological fired samples and thermal references,
allows the determination of paleotemperature for the two ar-
chaeological combustion structures studied. The main results
are presented in Fig. 4 using a colour code. These
paleotemperatures will be used later in this paper as compar-
ison with the experimental recorded temperatures.

About the justification of the reconstitution
of experimental fires

Studies based on experimental fires led to a better understand-
ing of combustion structures and their uses. Among them, we

Fig. 2 Fire F4, sector 13, cave of Les Fraux. Shaped clayey hearth
(38 cm in diameter) at the centre of an area with reddened altered
sandstones and charcoals
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present some of the main objectives that researchers have been
interested in:

– The location of archaeological fires by the identification
of combustion features: We have noticed four main
methods for locating archaeological fires. The first one
is based on modification of the colour of the soil (Canti
and Linford 2000; Mallol et al. 2013a, b). Nevertheless,
and according to these authors and our experience on
other sites, if a soil colour modification (rubefaction)
could suggest the presence of fire, the absence of visible
rubefaction does not imply the absence of fire, since col-
our changes in some cases could be very weak. The sec-
ond method is based on the spatial study of archaeologi-
cal artefacts, for instance, lithic artefacts (Sergant et al.
2006; Alperson-Afil et al. 2007; Alperson-Afil 2012).
Henry (2012) proposes a theoretical approach based on
ring and sector methods (Stapert 1989) for the location of
the combustion structure and the number of persons mov-
ing around it. Moreover, these studies suppose the pres-
ence of artefacts on the archaeological site and that they
did not move after the fire. A third method to locate com-
bustion structures is micromorphology (Goldberg and
Berna 2010; Mentzer 2014), but it is invasive because it

requires the extraction of at least one sample. Finally, the
fourth method uses magnetic measurements (Carrancho
et al. 2009; Carrancho and Villalaín 2011; Morinaga et al.
1999; Powell et al. 2012; Brodard 2013; Jrad et al. 2014)
such as magnetic susceptibility or residual magnetisation.
These measures are very useful for detecting heated sed-
iments even if they are buried, but the temperature
attained by the sediment has to be sufficient (>250 °C)
to induce mineral transformations and to increase the
magnetic properties significantly.

– The impacts of fire on artefacts: Fire experiments were
carried out as a source of heat to observe the thermal
behaviour of materials, i.e. their capacity for heat reten-
tion and the thermal spalling (Backhouse and Johnson
2007). Some researchers (Brown et al. 2009; Mourre
et al. 2010; Schmidt et al. 2012) studied the influence of
fire on flaking properties. Schmidt et al. (2013) obtained
reference data on heated silcrete. By performing experi-
mental fires, Driscoll and Menuge (2011) found a way to
differentiate heated vein quartz from unheated ones by the
development of fluid escape structures induced by the
decrepitation of fluid inclusions in quartz at more than
500 °C.

– The determination of fuels: Besides classical studies of
anthracology and micromorphology, the main aim of these
experimental studies (Braadbaart et al. 2012; Gur-Arieh
et al. 2013) was to deduce the original fuel-type, wood
and/or dung, by determining the chemical composition of
ashes and the ratio between the two types of micro calcite
remains, pseudomorph or spherulite. Other researchers
(Albert et al. 2000, 2003) have identified the type of com-
bustible, wood or grass, from the study of phytoliths.

– The operation of different types of combustion structures:
A first objective of this research was the energy proper-
ties, such as the heat released according to the nature of
fuels (Braadbaart et al. 2012) or the heating power of an
open fire inside a hut during winter (Liedgren and
Östlund 2011) or the efficiency and function of a pit kiln
(Sestier 2007). In addition, micromorphological

Fig. 3 Fires F6 and F8 (to the right of the picture), sector 13, cave of Les
Fraux. F6 is a simple open combustion structure (30 cm in diameter) of
reddened clay in a yellow clayey sediment area. Occasional small
sandstone blocks are present

Fig. 4 Fires F4 (left), F6 and F8
(right) with indication of the
paleotemperature attained by the
superficial sediment, as a colour
code. Paleotemperatures were
measured by thermoluminescence
experiments (Brodard et al. 2012;
Brodard 2013). For F4,
paleotemperatures were also
determined for a small reddened
area on the right of the shaped
hearth
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investigations could give some information about the
function and the use of the fire like sweeping away the
ashes and embers or on the contrary the existence of
heaps of fire remains, and about its taphonomy such as
trampling (Mallol et al. 2007; 2013a, b; Goldberg et al.
2009, 2012; Miller et al. 2010).

Based on comparative experimental fires, these studies pro-
vided data about the combustion operations, their location and
their preservation, but none was interested in evaluating fire
intensity as a combination of three parameters: temperature,
duration and energy. Some studies were devoted to only one
part of this trio, like temperature (Werts and Jahren 2007) or
frequency and duration of use of a combustion structure
(Bentsen 2012). It is therefore an innovative approach to ex-
ploit the thermal impacts recorded by the soil to define this
intensity of firing. Finally, we want to use our experimental
fires to obtain data about the temperature profile in the sedi-
ment, the speed of heat propagation and the quantity of wood
consumed.

Construction of experimental structures

Two experimental structures were taken into consideration,
aiming at reproducing both archaeological combustion fea-
tures previously described. Each of them was equipped with
a set of 20 thermocouples. The thermocouples are of type K
(Chromel-Alumel) and can record temperatures up to
1200 °C. They are connected to a data acquisition system
(Agilent 34972A, Acquitek) composed of three 20-channel
relay multiplexers. This system allows us to display and re-
cord data in real time: for each fire, the temperature was con-
tinuously recorded every 20 s for each thermocouple.

The first experimental structure (Fig. 5) reproduces the
clayey substratum of archaeological fire F6. We used a square
frame of 70 cm by 70 cm filled with clay. Considering the total
volume of clay required, the local archaeological clay was
replaced by one commercially available (Ceradel, CF141R)
chosen for its ease of supply. This structure was built using
small parallelepipeds of clay (12 cm×12 cm×2 or 4 cm) set in
four layers: the lowest one is 4 cm thick and the three upper
ones are 2 cm thick. Twenty thermocouples were set between
each layer (coordinates in Fig. 5).

Experimental structure #2 (Fig. 6) is a reconstitution of
archaeological fire F4. We used blocks of sandstone from
the cave of Les Fraux for the first layer at the bottom. Then,
we roughly crushed some blocks for the second layer. The
third layer consists in finer crushed blocks of sandstone.
Finally, we shaped a clayey hearth similar to that of fire F4
with clayey sediment from the cave of Les Fraux collected in
sector n°10 (Fig. 1). The materials, sandstones and clay used
in this structure are extracted from the cave and thus present a
mineralogy close the archaeological sediment. As shown in

Fig. 6, 20 thermocouples were placed between the layers and
within and above the shaped hearth.

The firing experiments

Three fires were set on the first experimental structure (clay)
and four fires on the second (sandstone and sand). In the
following section, we first describe the firing experiments
and more precisely the choice of the type of wood, the dura-
tion of the fires, their number, their impact on the substratum
and the recorded temperature.

The wood

The species that were identified by the anthracological study
of charcoals from the cave of Les Fraux (Thiébault 2011) are
beech, ash and oak. For these first fires, we used chestnut that
was available at the time of our experiments and had calorific
power close to beech, ash and oak. The pieces of chestnut used
had dried for some years and no longer contain sapwood. The
calorific power is about 15MJ/kg for 20weight% of humidity
(Francescato et al. 2008: 25). This humidityweight percentage
corresponds to that of a wood having dried for more than a
year (Francescato et al. 2008: 47), and we will take it as a
working value since we had not verified the water content of
the wood provided. We chose to cut pieces of wood 30 cm in
length and from 5 to 7 cm in diameter that were split into two
or four. These dimensions were determined by the observed
diameter of the archaeological combustion remains, around
30–40 cm: taller pieces of wood would have implied over-
important impacts on the substratum.

The wood was arranged in a pyramid-shaped assemblage.
The fires were regularly fuelled to keep the combustion rate as
constant as possible (no specific time intervals were fixed
between each refuelling; it was more subjective: as soon as
the combustion seemed to diminish, we refuelled the fire).

The fires

On experimental structure #1 (clay substratum), three fires
were set and were fuelled for 1 h and 20 min, 1 h and
45min, and 2 h respectively. Between fires 1 and 2, we waited
for a night (15 h), and that allows the sediments to cool to
room temperature. Between fires 2 and 3, only 2 or 3 h had
elapsed so the sediments remained hot. Between each fire, we
chose to clean the combustion surface after it had become cold
by sweeping away ashes and charcoals even if, in the cave,
there is no archaeological evidence of sweeping. The ashes are
known to be a good insulator (Canti and Linford 2000), and
we wanted to get the best thermal contact between fire and
substratum.

Archaeol Anthropol Sci

Author's personal copy



On experimental structure #2 (sand substratum), four fires
were lit. The first fire was fuelled for a total duration of 4 h and
15 min which included 3 h and 15 min of drying of the shaped
clayey hearth with embers on it and burning wood at its pe-
riphery, and 1 h of fire actually set on the hearth. The other

fires were set directly on the shaped hearth and respectively
fuelled for 1 h and 40min, 2 h and 20min and 1 h and 45min.
Between fires 1 and 2, and between fires 3 and 4, a night had
elapsed (respectively 17 h and 30 min, and 19 h). Thus, the
sediments cooled to room temperature. Between fires 2 and 3,

Fig. 5 Experimental structure #1, reproduction of fire F6 from the cave of Les Fraux (clayey substratum) and location of thermocouples (coordinate zero
at the bottom left corner)

Fig. 6 Experimental structure #2, reproduction of fire F4 from the cave of Les Fraux (clayey shaped hearth put on sandstones, crushed and in blocks)
and location of thermocouples (zero for x and y in the bottom left corner; zero for z at the surface of the shaped hearth)
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only 2 h elapsed and the sediments remained hot. For the first
and the third fires, we left the ashes and charcoals until the
entire cooling of the structure. For the second and the fourth
fires, ashes and embers were removed, respectively 1 h and
40min, and 20min after the last supply of wood. We removed
them to try cooking meat on the hot, shaped hearth.

The temperature curves, and the importance of water

The temperature curves recorded during each fire are presented
in Fig. 7. We can observe that, for the first fire, the temperature
at the surface of each structure is about 500–600 °C,
whereas it is about 600–800 °C for the consecutive fires. In
addition, there is also a plateau in the temperature at 100 °C
for both substrata made with clay or sandstone. These observa-
tions are linked to the vaporisation of the soil or sediment water.
During the first fire, a major part of the energy emitted by the
combustion is used to evaporate water (heat vaporisation

of water, 2257 kJ/kg) starting at the surface. The 100 °C water
vaporisation plateaux are visible in all fires except fire 4 in
structure #2. They persist as long as the sediments are wet and
then, once dried, the temperature increases.

We also note that during fire 3 on the clay substratum, the
temperature at 6-cm depth is about 100 °C. On the contrary,
during fire 3 on sand substratum, the temperature at 6-cm
depth is about 300 °C, and at more than 10-cm depth, the
temperature attains 150 °C. In addition, we observe that the
drying speeds are very different from one structure to the other
(Table 1). For instance after 4 h of fire, only 2 cm of clay
sediment has exceeded 100 °C whereas more than 8 cm of
crushed sandstones was dried. This difference is partly due to
the difference in the porosity of the materials: The sandstone
substratum is more porous than clay so the water vapour can
escape more rapidly from the heated substratum. Moreover,
the clay substratum contains more water than the sandstone
one, so more energy and time are needed to evaporate the

Fig. 7 Temperature curves recorded for each fire on the two experimental structures. The water vaporization plateaux at 100 °C are visible on both
structures for the first fire experiments
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water. From thermodynamic data, we calculated the energy
required to pass from RT to 100 °C: 2.7 MJ/kg for water,
including evaporation, compared to ~0.1 MJ/kg of dry rock.
For instance, a rock containing 10 % of water (generally, the
water saturation content of a soil is around 20 % in weight)
needs at least three times more energy than a dry one to go
through the 100 °C plateau (0.36 MJ/kg against 0.1 MJ/kg for
dry rock).

Moreover, in Table 2, we reported the fuelling duration of
each fire, the quantity of wood consumed, the calculated en-
ergy emitted by the combustion and the combustion speed
(average quantity of wood consumed per hour). We see that
for the fires on experimental structure #1 (clay substratum),
the speed of combustion is two times weaker than in the fires
on structure #2. This phenomenon is also linked to the differ-
ent nature of the materials (clay or sandstone) composing the
experimental substrata and the gradual drying state of these
materials. Another observable consequence here is the in-
crease in the combustion speed for each new fire on the same
medium.

The multiple observations made about the temperature
must be linked to the combustion speed, i.e. for the first fires,
the combustion speed is slightly lower because, on the one
hand, as the energy is mostly used to evaporate water, the
substratum is cooler and the thermal radiation from the ground
cannot heat the fuel as a feedback process; on the other hand,
the large amount of water vapour emitted during the drying
phases reduces oxygen partial pressure in a combustion

atmosphere. On the contrary, once the sediments had become
dry, the energy emitted by the combustion is used, for the most
part, to support the combustion and to heat its environment:
The highest combustion speed values correspond to the driest
substrata (Table 2).

Experimental combustion structures: observation, colour
changes and cracks

After the fire experiments, we observed colour modifications
of sediments in the areas where the temperature exceeded
250 °C. Cracks caused by drying of the clay were also ob-
served (Fig. 8).

For experimental structure #1 (clay substratum) and after
the first fire, the baked clay showed only black and red colours
where the embers were in contact. Around these areas, the
clay was unchanged. We also observed some cracks that
followed the edges of the parallelepipeds used to build the
structure, but these are the consequence of construction weak-
nesses. During the second and third fires, the reddened area
extended in depth, a ring of dried clay appeared and the cracks
grew. After the third fire, we took down the structure. We
observed a 6-cm-deep dried area in the middle of the fire, with
a 2-cm thickness of reddened clay on its superficial part
(Fig. 9, left). Around this reddened area, the clay dried just
2 cm deep. Cracks were present in all the structure and the
drying polygons were more numerous but smaller at the fire

Table 1 Experimental data of the firing time allowing the temperature to exceed 100 °C for different depths of both combustion structures

Surface −1 cm −2 cm −4 cm −6 cm −8 cm −11 cm

Experimental structure #1
(clay substratum)

10 min 4 h 5 h 9 h

Experimental structure #2
(sand substratum)

1 min 20 min 30 min 1 h and 30 min 3 h and 30 min 7 h

Table 2 An assessment of combustion experiments: day and time of the beginning of fires, fuelled duration, mass of wood consumed, energy emitted
(with 15 MJ/kg as an average value) and combustion speed

Experimental structure - fire Beginning of fire Fuelled duration Quantity of consumed
wood (kg)

Emitted energy (MJ) Combustion
speed (kg/h)

(h, min) (h)

#1
(clay substratum)

1 Day 1 - 17 h and 10 min 1 h and 20 min 1.33 4.6 69 3.5

2 Day 2 - 10 h and 30 min 1 h and 45 min 1.75 6.3 95 3.6

3 Day 2 - 15 h and 20 min 2 h 2.00 8.0 120 4.0

#2
(sand substratum)

1 Day 1 - 12 h and 50 min 4 h and 15 min 4.25 28.0 420 6.6

2 Day 2 - 10 h and 35 min 1 h and 40 min 1.67 11.5 173 6.9

3 Day 2 - 14 h and 50 min 2 h and 20 min 2.33 19.5 293 8.4

4 Day 3 - 11 h and 45 min 1 h and 45 min 1.75 12.8 192 7.3
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place rather than around it, probably in relation to the more
important thermal gradient.

For experimental structure #2 (sand substratum), the first
fire caused colour modifications of the shaped hearth which
became red and black, and also colour changes of the sand-
stones right under the embers that had been used to dry the
shaped hearth (Fig. 8). The shaped hearth showed a few cracks
pointing to both insufficient tempering and drying before fir-
ing. The three following fires did not increase the size and
number of cracks, but the colour modifications continued in
surface and depth. The ‘meat cooking test’1 after the second
and the fourth fires left mostly black marks of burnt fat on the
hearth. After the fourth fire, we also took down the structure
(Fig. 9, right). At the surface, we observe that the crushed
sandstone right under the shaped hearth was strongly red-
dened. Around this area, the sandstones were slightly red-
dened (ring 15 cm wide), then only dried (colour observation)
and, finally, still wet. When we looked in depth under the
hearth, all the layers of crushed sandstones were reddened.
But, the temperature attained in the sandstone blocks is not

sufficient to redden them or even, at the very bottom of the
structure, to dry them.

Implications for the study of the archaeological fires

Temperature, reddened depth and cracks: comparison
of archaeological and experimental combustion features

Comparison between TL paleotemperature and experimental
recorded temperature

Our previous thermoluminescence study (Brodard 2013) of
archaeological fire F6 showed that temperatures of about
400–450 °C were attained at the most heated area. Around
these hot zones, the temperature quickly dropped to 250 °C
and below (Fig. 4). We recall that this thermal pattern only
concerns the first centimetre of sediment in which the sample
was taken for the TL study. Thus, the paleotemperature deter-
mined by TL is an average value within the first centimetre of
sediment.

The experimental data of the reconstructed structure #1
(clay substratum) are measured at the surface or at 2 cm deep
(Fig. 7). If we use the data of the third fire, the maximal
temperature at the surface varies between 450 and 650 °C,
so about 550 °C as an average value. At a depth of 2 cm, the
temperature is about 300 °C. In addition, on the rim of the
structure, the clay is just dried or still damp.

1 After the extinction of the second fire, we used the hearth, free from
ashes, to cook two long sausages set in a spiral on it. The cooking of the
sausage took a rather long time (30 min) because the hearth had cooled
more rapidly than expected. It left a greasy layer on the entire hearth
(Fig. 8). The third fire burnt this fat that left pluricentimetric black marks
(Fig. 8) on half the surface of the hearth. After the fourth fire, we moved
ashes and embers from the shaped hearth to get a hotter surface than after
the second fire, and the time to cook a sausage at the same point as the
preceding experiment was only 15 min. It left also black marks in a circle
form like the sausage (Fig. 8).

Fig. 8 A view of the progressive modifications of the surface of the two experimental structures
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Archaeological paleotemperatures determined by TL are
consistent with the data of experimental fires if we take into
account the averaging of temperature within the first
centimetre (Fig. 10).

For both archaeological structure F4 and experimental one
#2 (sand substratum), the temperature of the shaped hearth
exceeded 500 °C. We can see that just around the experimen-
tal shaped hearth, the sand is reddened (T>250 °C), and 20 cm
further, we find unheated sediment (wet sandstone). This pat-
tern matches well with the paleotemperatures found in front of
and at the right of the archaeological shaped hearth (Fig. 4). At
the back of hearth F4, the area presents a lot of charcoals and
the paleotemperatures are quite high (it could be the place
where the embers were set when the hearth was used by
Bronze Age people).

In the framework of this study, the paleotemperatures de-
termined by TLwere corroborated by the temperatures record-
ed during the experiments, and thus, the TL method used is
validated (for more details about this confirmation, see
Brodard 2013).

The reddened depths

In connection with the temperature attained at the surface of
the heated substrata (previous section), we can also compare
the reddened depth. As a reference, 17 cubes of clay sediment
extracted from the cave of Les Frauxwere heated in an electric
oven following these parameters: 20 °C/min for the heating
speed, 1 h at the maximum temperature (stretched from 100 to
700 °C) and 20 °C/min for the cooling speed. These series of

laboratory heatings show that the reddening due to transfor-
mations of iron oxi-hydroxides starts at 250 °C (Fig. 11). So
we consider that the reddened depth is the depth of the sub-
stratum attained by the 250 °C temperature front. Because of
the constraints of preservation, archaeological structure F4
was not sampled in depth so we cannot make the comparison
with experimental structure #2 (sand substratum).
Nevertheless, as we used sediments extracted from the cave
of Les Fraux to build experimental structure #2, the colour
changes between the archaeological sediments and the exper-
imental ones are very similar.

On the contrary, for archaeological structure F6 and for
archaeological structureexperimental structure #1, the colours
are not comparable because we used industrial clay and not
the local one. However, for F6, some core samples showed a
maximal reddened depth of 2.5 cm. It also corresponds to the
reddened depth of experimental structure #1 (clay substratum).

The cracks

Contrary to the experimental clay fire structure, we do not
observe cracks with archaeological one F6 and there is no
archaeological evidence for a filling of possible cracks by
unheated clay sediment. This absence of cracks in F6 could
be the consequence of the permanent high humidity level
inside the cave of Les Fraux (close to saturation, as in most
caves). This implies a constant re-humidification of the
heated sediment and the closure of the possible cracks

Fig. 9 Taking down of
experimental structures: clay on
the left and sandstone on the right

Fig. 10 Comparative sketch between archaeological paleotemperature
(left) and temperature measured from experimental fires (right)
respectively for F6 and the clayey experimental structure

Fig. 11 Samples of sediments from the cave of Les Fraux heated in an
electric oven for 1 h at each temperature from 100 to 700 °C. The main
colour modification appears at 250 °C
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formed during heating. The cracks are the major difference
in features between experimental and archaeological fire
structures, and this could have been amplified by the weak-
nesses of construction of experimental fire #1. For the ar-
chaeological shaped hearth (F4), a 1-cm-wide crack is still
visible (Fig. 2) and comparable to those formed on the
experimental shaped hearth (Fig. 8).

The comparison of temperature, reddened depth and cracks
shows that we succeeded in reproducing experimental com-
bustion features with thermal impacts similar to the archaeo-
logical ones, although our experiments were set in an open
environment and not in a cave. To a certain extent, we must
keep in mind that the containment induced by the under-
ground situation can influence some parameters, notably the
heating rate of atmosphere and walls, the circulation of fresh
air, that of combustion gases and smokes and finally the sup-
ply of O2. Considering the number of archaeological fires
observed and the paleotemperatures obtained, the air circula-
tion should have been sufficient to supply the combustions in
oxygen. In addition, it turns out that the water content of the
substratum is one of the most significant parameters that con-
trol the heat propagation and thus the thermal impacts of the
sediment, which is our concern here. Thus, the experimental
fires constitute valid models for setting up the numerical
modelling of heat propagation in sediment.

From the numerical modelling of heat propagation
to the estimation of firing duration

We propose to use the experimental fires as models for
archaeological ones regarding the energies involved and
also to check for the ability of a numerical model of heat
propagation in soil, in order to estimate the firing duration.
This study has been undertaken in the particular case of a
homogeneous sediment which corresponds to experimental
structure #1 (clay substratum) and by extension to archae-
ological fire F6.

Numerical modelling of heat propagation

The numerical code of the heat transfer used for the modelling
is ‘Thétis’ (http://thetis.enscbp.fr/). Thétis is a research code
for the modelling and the numerical simulation of fluid
mechanics flows, and it was developed in the Institute of
Mechanics and Mechanical Engineering of Bordeaux. It
covers a large range of two or three dimensional physical
problems: incompressible flows, laminar or turbulent,
multiphase flows, thermal transfers and porous media.

The numerical model for the fire was built according to a
2D structure composed of three layers that represent three
different states of drying observed for experimental structure
#1 (Fig. 12, left side). This is an important point because the
difference in water content influences the thermophysical pa-
rameters (Oti et al. 2010):

– Thermal conductivity: Water (λ=0.6 W m−1 K−1) is a
better heat conductor than air (λ=0.026 W m−1 K−1), so
when the clay is drying, the water is replaced by the air
and the material becomes a lesser conductor of heat.

– Calorific capacity: The product of the density by the cal-
orific capacity increases with the water content (Oti et al.
2010; Lin et al. 2012).

– Quantity of heat: Quantity of heat necessary to vaporise
all water is proportional to water content.

The modelling of heat propagation in a sediment contain-
ing water is very complex and would require thermophysical
parameters dependent on time, depth and temperature
(Muhieddine et al. 2011). Thus, the cut out structure in three
layers allows us to simulate three states of drying in order to
simplify the model by using constant parameters in each layer.

The thermal parameters to determine and input into the
model are the thermal conductivity (λ, W m−1 K−1), the calo-
rific capacity (Cp, J kg−1 K−1) and the density (ρ, kg m−3). We
chose to vary the thermal conductivity dependent on water
content (Oti et al. 2010; Gualtieri et al. 2010) and to fix the

Fig. 12 Structure of the
numerical model of experimental
structure #1 (clay substratum) in
three layers (left side) and
modelling of heat propagation
after 2 h and 30 min of heating at
500 °C on the surface (right side)
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calorific capacity and the density with the following average
values for clay sediment: Cp=1000 J kg−1 K−1 and ρ=
1500 kg m−3.

To validate the model and find the consistent values of
thermal conductivities of each layer, we used the temperature
recorded during the third fire at structure #1 (clay substratum).
This fire was chosen because the sediment had begun to dry
(three different layers) and the temperature was not wedged at
100 °C.

So the fire is simulated by a source of heat set at a uniform
and invariant temperature of 500 °C (Fig. 12). The modelling
of heat propagation shows the temperature in the sediment at
any moment. Based on bibliographical values of thermal con-
ductivities (Oti et al. 2010; Gualtieri et al. 2010) and after
dozens of tests, the values of thermal conductivities for having
the best simulation of the experimental temperature by the
modelling are as follows: λ=0.2 W m−1 K−1 for the dried
layer, λ=0.3 W m−1 K−1 for the in process dried layer and
λ=0.4 W m−1 K−1 for the still wet layer.

Using this model, calibrated and adjusted with experimen-
tal values, we tried to reconstruct the thermal history of F6.

Application to archaeological fire structure F6: heat
propagation and an approach of the fire duration

To approach the fire duration, two steps have to be considered:

– The time during which the sediments at the surface are
drying. Based on our experimental fires, this minimal
drying time before the temperature exceeds 100 °C is
about 4 h on a clay structure (but, also according to our
experimentations, it is only about 30 min for a shaped
hearth on sandstones).

– The time during which the temperature begins to exceed
100 °C. A part of the sediment is dried, and the heat now
allows an increase in the temperature at the surface and
for the lower sediment to dry. The only proxy to approach
this time is the reddened depth which corresponds to the
propagation of the temperature front at 250 °C (Fig. 11).

The only archaeological structure where the reddened
depth is known (2.5 cm at the most) is F6. The previous model
was adjusted with the data from F6 to determine the time
of heat propagation. Figure 13 shows the simulation of tem-
perature variation in the substratum when the temperature of
the source of heat applied at the surface is constant and equal
to 500 °C.We focused the representation on the points located
at 2.5 cm on one hand and in the first centimetre on the other;
the latter corresponds to the depth of sampling of archaeolog-
ical combustion structures for the TL study.

A second simulation was carried out considering a surface
temperature of 450 °C. Figure 14 presents the temperatures
attained in the substratum when the point at 2.5-cm depth

attained 250 °C, the temperature of rubefaction. The averaging
temperature reached in the first centimetre of the structure is
about 400 and 450 °C for surface temperature of 450 and
500 °C respectively. This latter is the most in agreement with
the paleotemperature determined by TL for F6. Thus, we now
consider the data of the simulation with the surface tempera-
ture at 500 °C in order to approach the firing duration.
According to these data, 1 h and 30 min of heating on the
substratum is necessary to reach 250 °C at 2.5-cm depth. To
this duration, we have to add the time needed to remove the
water from the sediment, that is 4 h. So we obtain a total
duration of 5 h and 30 min of fire for structure F6.

To estimate the effect on this duration of a lower surface
temperature, we calculated the firing duration for surface tem-
perature varying between 400 and 500 °C (Fig. 15). We saw
that a 50 °C uncertainty on TL paleotemperature implies a
50 °C uncertainty on the surface temperature (Fig. 14). So,
for instance, if the paleotemperature of F6 was reduced to
400 °C instead of 450 °C, the surface temperature would be
450 °C instead of 500 °C, and the duration of heating would
go up to 2 h and 5 min instead of 1 h and 30 min (Fig. 15),
giving a total firing duration of 6 h instead of 5 h and 30 min.

Fig. 13 Calculated variation with time of the temperature inside the
modelled substratum of structure #1 submitted to a surface temperature
of 500 °C

Fig. 14 Temperature profiles of the modelled substratum #1 when the
point at 2.5 cm depth is at 250 °C and for two different surface
temperatures (450 and 500 °C)
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In both calculations, the order of magnitude of the duration is
stable and relevant.

Thus, for archaeological fire F6, the firing duration of 5 h
30min (4 h + 1 h and 30min) would be necessary to cause the
observed impact of heat. If we consider that the thermal im-
pacts observed for F6 are the result of one single fire, thus the
time of 5 h and 30 min is a maximal duration of firing: Our
calculation considers the sum of the drying from RT to 100 °C
and the simulation from RT to elevated temperature. There is
thus a slight overestimation of the time (about 20 min maxi-
mum) which corresponds to the ‘simulation time’ of heating
from RT to 100 °C. On the contrary, if we take the case of
many fires with enough time between each of them to allow
the re-humidification of the sediment, then the time of 5 h and
30 min is a minimal duration of firing since for each new fire,
it is necessary to evaporate the sediment water before the
increase in temperature beyond 100 °C. In the case of multiple
fires, the question of the removal of ashes between two con-
secutive fires introduces a supplementary parameter that cer-
tainly influences the duration because of the insulating prop-
erties of ashes. Considering this discussion and the fact that it
is not always possible to know if the combustion area was
used many times, we must keep in mind that the duration of
5 h and 30 min is an equivalent time for a single fire.

From wood consumption to energy emitted
by the combustion

The wood consumption is quite variable according to the ex-
perimental fire: about 3.5 to 4 kg/h for structure #1 (clay
substratum) and about 6.7 to 8.4 kg/h for structure #2 (clay
on sandstones). To express the wood consumption and the
quantity of energy per time unit for archaeological fire F6,
we used the experimental wood consumption of experimental
structure #1 (made with clay as for F6). Taking an average
value of 3.8 kg/h, about 23 kg of chestnut wood used will be
necessary for 6 h of continuous fire. This corresponds to en-
ergy of 345 MJ for wood assuming water content of 20 % in
weight (15 MJ/kg).

Conclusion

In this paper, we have presented the description of two series of
fire experiments and their results. The substratum of each ex-
perimental structure reproduces the type of substratum of ar-
chaeological combustion areas of the cave of Les Fraux
(Dordogne). We succeeded in reproducing the thermal impacts
observed for archaeological structures F4 and F6, namely, the
temperature attained, the rubefaction and the cracks. The few
differences, principally concerning the cracks, are linked to the
environment, it being saturated with water in the cave and drier
for the experimentation in the open medium.

Using these experiments, we proposed a new approach to
characterise the intensity of fires based on thermal impacts
recorded by sediments. As we have demonstrated, it is not
possible to evaluate the intensity of fire only from a surface
determination of paleotemperature. It is necessary to evaluate
the duration parameter by the measurement of the reddened
depth. It requires cutting core samples in ancient fires, which
would make the study more destructive than initially planned.
So, by comparing equivalent temperature and reddened depth
of archaeological fires, with equivalent data from experimen-
tal ones and numerical modelling, we have been able to char-
acterise the intensity of a fire by the following set of variables:
temperature attained by the surface sediment, duration of the
fire and the necessary quantity of wood, i.e. the quantity of
energy involved.

This study pointed out the importance of the impact of the
humidity of sediments on heat propagation and on wood con-
sumption. This is a critical point for modelling, due to the
thermodynamic discontinuities of the characteristics of water
vaporisation. Here, we modelled the drying effects in a three
layer model that was, according to us, the simplest means of
operating. In its principle, this model could be used for all
combustion structures set on clay substratum. This first model
requires few adaptations to be extended to other substrata.
Moreover, the way of determining the firing duration sup-
posed a continuous heat (single fire).

In the cave of Les Fraux, only the reddened depth of fire F6
is known. At the present point, one can envisage a more ex-
haustive study of the combustion structures first to character-
ise the link between its morphology and the firing intensity,
and second to identify some similarity between different com-
bustion structures maybe according to their location in a gal-
lery (with high or low ceiling) or in a room, and to their
distance from the entrance.

Of course, it is essential to correlate our data with those of
other specialists who study ancient fires (in our case, archae-
ology and anthracology) but also with the global study of the
site. It is only by considering all the results as a whole that it
will be possible to understand the roles of these fires, their
operation in the underground environment and their impacts
on the ground, the walls and the atmosphere of the cave.

Fig. 15 Evolution with the surface temperature of the firing duration
(time elapsed to reach 250 °C at −2.5 cm)
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